Resolved Sideband Emission of InAs/GaAs Quantum Dots Strained by Surface 

Acoustic Waves 
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The dynamic response of InAs/GaAs self-assembled quantum dots (QDs) to strain is studied 
experimentally by periodically modulating the QDs with a surface acoustic wave and measuring the 
QD fluorescence with photoluminescence and resonant spectroscopy. When the acoustic frequency is 
larger than the QD linewidth, we resolve phonon sidebands in the QD fluorescence spectrum. Using 
a resonant pump laser, we have demonstrated optical frequency conversion via the dynamically 
modulated QD, which is the physical mechanism underlying laser sideband cooling a nanomechanical 
resonator by means of an embedded QD. 

PACS numbers: PACS numbers here 
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Self-assembled InAs/GaAs quantum dots (QDs) are 
sensitive optical probes of changes in their local envi- 
ronment. In particular, their discrete energy levels are 
sensitive to applied electric fields [l|, l2| and to uniaxial 
0, hydrostatic HQ and biaxial stresses @ . Much of the 
focus to date has concerned probing the response of QDs 
to static perturbations; however, when perturbed dynam- 
ically at a rate exceeding the intrinsic QD linewidth, ex- 
citing new possibilities arise. In the nanomechanical do- 
main, for example, conventional optical probes become 
less effective as the device size becomes smaller than the 
wavelength of light. By employing a QD embedded in a 
nanomechanical beam as a microscopic sensor of strain, 
laser sideband cooling a mechanical resonator to its quan- 
tum ground state has been predicted to be possible in 
principle Q. Alternatively, it should be possible to dy- 
namically alter the fluorescence spectrum of a QD so as 
to generate entangled photon pairs [8|. 

In this work, we characterize the dynamic response 
of embedded InAs/GaAs QDs by applying a periodic 
strain via a surface acoustic wave (SAW) 9]. A SAW in- 
duces well-characterized, tunable strain components near 
a semiconductor surface at high frequencies. We resolve 
strain-induced sidebands in QD fluorescence and demon- 
strate the physical basis of laser sideband cooling. We 
compare our experimental results to calculations based 
on static theory in which the response of QD level struc- 
ture to strain is attributed to deformation potentials. 
While there is a rich history of using SAWs to modu- 
late photonic structures jlfj| - fl2l ] , the work described here 
resides in a previously unexplored limit where the acous- 
tic modulation frequency exceeds the resolvable optical 
linewidth ("resolved sideband limit"). 

Our samples consist of InAs QDs embedded in a planar 
AlAs/GaAs distributed Bragg reflector (DBR) cavity on 
which interdigitated transducers (IDTs) are fabricated 
for SAW generation (Fig. [T]). The cavity has fifteen DBR 
pairs below and ten pairs above the QD layer with a 
spacer optical thickness of 925 nm. The resulting cavity 
has a linewidth of « 350 GHz. This cavity enhances our 
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FIG. 1: (Color Online) (a) Schematic of the experimental 
setup, (b) Resonant fiber- waveguide coupling (not to scale). 



collection efficiency by over an order of magnitude (l3j ] 
and also enables us to perform resonant spectroscopy of 
our QDs (Fig. [lb). The IDTs are are aligned so as to 
excite a SAW with a cross-section of 30 /Ltm propagat- 
ing in the [110] direction. The IDT electrode period is 
2.9 fim, corresponding to the wavelength A s of a SAW 
with a frequency v s of 1.05 GHz. 

In order to quantify our experimental results and relate 
them to theoretical predictions, we relate the displace- 
ment and strain fields [l4], HH induced by the SAW to 
the measurable surface displacement [l(J Gil ■ We adopt 
a coordinate system in which the SAW propagates along 
the x direction, and the z direction is perpendicular to 
the surface and downwards (Fig.[T]). The vertical ampli- 
tude at the surface is proportional to the square root of 
the applied rf power and is measured using a Michelson 
interferometer at room temperature. The displacement, 
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FIG. 2: (Color online) Amplitude of the SAW nonvanishing 
strains vs depth for a surface displacement of 1 pm at a fre- 
quency of 1 GHz. e xx (solid red) and e zz (dot-dash green) are 
proportional to sin(kx — uj s t), while e xz (dash blue) is propor- 
tional to cos(fcx — w 3 t). Here k — 2tt/\ s and uu s = 2nv s . The 
black arrow corresponds to the sample parameters described 
in this paper: a SAW wavelength of A s = 2n/k = 2.9 ^im and 
a QD depth of z = 1.5 /im. 

u, and strain, = (diUj + djUi)/2, i,j £ {x,y,z}, can 
then be calculated at any depth within the sample. As 
an example, the amplitudes of the inferred strains are 
plotted in Fig. Has a function of depth z for a surface 
displacement of 1 pm and a frequency of 1 GHz. 

The sample is incorporated inside a homemade cryo- 
genic microscope designed to allow for both photolumi- 
nescence (PL) and resonant excitation spectroscopy at a 
sample temperature of 3 K. QD fluorescence is collected 
by means of a fiber-coupled objective that can be scanned 
over the sample surface. For PL, light from a laser with 
photon energy greater than the GaAs band gap is in- 
jected into the collection optics in order to nonresonantly 
excite the QDs. Alternatively, resonant excitation is per- 
formed by means of an optical fiber aligned to the edge 
of the cleaved chip (Fig. [TL), injecting quasimonochro- 
matic laser (cavity-stabilized Ti:Sa, linewidth < 1 MHz) 
light into a waveguide mode of the DBR cavity [l?} • This 
guided mode inhibits the scattering of laser light into our 
collection optics. The resonant QD transition is driven 
by light in this mode, but its emission couples to a trans- 
verse FP mode of the planar cavity 13]. This light is 
then collected very efficiently perpendicular to the sam- 
ple, without scattered resonant pump light. The fluo- 
rescence is analyzed by a homemade Fabry-Perot (FP) 
cavity (linewidth 250 MHz), whose length is scanned at 
a rate of 16 Hz. This is followed by a grating spectrome- 
ter to suppress transmission of all FP orders but one [l8[ . 
The spectrally filtered fluorescence is detected by means 
of a single-photon counting module, and photon arrival 
events are correlated to the FP scan. 

Initially, individual QDs are located and studied by 
means of photoluminescence (Fig. [3]). Once a QD with 
a bright and narrow (linewidth approximately 1 GHz) 
emission spectrum is located, the IDTs are driven at a 
frequency of uj s /2it = v a = 1.05 GHz, and the Lorentzian 
emission spectrum acquires sidebands spaced at the SAW 
frequency, v s , as shown in Fig. [3^,. As the rf power is 
increased, the central feature in the emission spectrum is 
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FIG. 3: (Color online) (a) QD fluorescence spectra at 
921.5 nm with no SAW excitation (blue circles), and SAW 
excitation characterized by QD displacements \u z \ — 1.2 pm 
(green squares), and \u z \ = 2.0 pm (red triangles). Lines are 
fits to equation ^ to extract the modulation index \. Each 
FP spectrum is measured in 300 seconds, (b) Modulation in- 
dex vs \u z \; dx/d\u z \ ~ 3 x 10 12 m _1 . (c) Peak intensities of 
the central QD peak (blue circles) and first- and second-order 
sidebands (green squares, red triangles) vs QD displacement 
|*4* | . Lines are prediction of equation @. 

depleted, and sidebands of higher order are generated. 

To understand this behavior, we model the QD as a 
two-level system (TLS) with electric dipole operator d = 
da x , and dynamics governed by the Hamiltonian 

H = ^ (u + xu s sin(o; s i)) a z (1) 

and relaxation terms that cause the off-diagonal elements 
of the density matrix p to decay at a rate 7. Here the Oi 
are Pauli spin matrices, and the modulation index \ is 
a dimensionless parameter expressing the frequency shift 
induced by the SAW on the TLS resonance frequency ujq 
in units of lj s . The fluorescence is proportional to the 

expectation value (d(t)) = Tr (j)(t) dtj . Solving for the 

time evolution of the density matrix for weak incoherent 
excitation in the limit uj s » 2j, the power spectrum 
of the fluorescence is found to be proportional to P[ui], 
where 

p N= £ 24 , J? ; (x) ^ ( 2 ) 

n= — oo ' v v 

is a sum of Lorentzians with FWHM 2j weighted by 
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squares of Bessel functions, </ 2 (x)) with maxima at fre- 
quencies uj n — luq — nu s , where n is an integer. In the 
limit 7—^0 this is the well-known power spectrum of a 
frequency-modulated rf signal. 

The solid lines in Fig. [3^, result from a fit to equa- 
tion ([2]) in which the linewidth 27, central frequency loq 
and background are taken from the emission spectrum in 
the absence of SAW excitation, thus leaving x as the 
only fitting parameter. From a series of such curves, 
the height of each sideband, (normalized to the unmodu- 
lated peak) , versus the calibrated SAW-induced displace- 
ment \u z \ at the QD location, is shown in Fig. [3J;. Al- 
ternatively, Fig. [3}d shows the modulation index x as a 
function of \u z \. The fit in Fig. [3t> reveals a displace- 
ment sensitivity of d(x v s)/d\u z \ rs 3 x 10 21 Hz/m, and 
the solid lines in Fig. [3J; are the corresponding theo- 
retical curves. Similar studies on four other QDs at 
this SAW frequency have found sensitivities in the range 
3 x 10 21 Hz/m± 1.5 x 10 21 Hz/m. We believe this vari- 
ation is largely due to the fact that the SAW amplitude 
varies owing to its finite cross-section and we were unable 
to measure the SAW amplitude at the exact QD position 
in situ in a cryogenic environment. 

Sideband cooling a nanomechanical resonator with an 
embedded QD Q involves the quantized transfer of en- 
ergy from a mechanical mode of the resonator to an ap- 
plied optical field. To explore this matter we employ 
resonant spectroscopy (Fig.[T|D). The coupling of the res- 
onant laser to the TLS is described by adding to the 
Hamiltonian ([1} an interaction term 
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describing the dipole coupling of the QD to a laser field 
-Encos(wLi)- Calculating the time dependence of the 
atomic dipole moment in steady state, for weak exci- 
tation, the power spectrum of the fluorescence is found 
proportional to 
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This is of the form of a series of discrete lines at frequen- 
cies w„ = lol — nw s , spectrally separated from the excita- 
tion frequency by multiples of the SAW frequency, that 
are resonantly enhanced when the excitation frequency 
matches the QD resonance or one of the SAW-induced 
sidebands. Physically, the appearance of emission fre- 
quencies differing from the excitation frequency corre- 
sponds to the transfer of mechanical energy to the light 
field. 

Figure |4ji shows the results of weakly driving the QD 
on resonance [19( for two different applied SAW pow- 
ers. This particular QD has a linewidth of 1 GHz when 
measured in PL. When resonantly driving weakly with 
narrowband laser light, however, the fluorescence lines 
are quasimonochromatic 20] , broadened only by our FP 
analysis cavity. The spectrum is thus much better re- 
solved than in PL. The blue curves correspond to low 
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FIG. 4: (Color online) The blue dashed curves correspond 
to a QD vertical displacement of \u z \ = 0.4 pm, and the red 
solid curves correspond to \u z \ = 1.0 pm. The QD emission 
wavelength is 924 nm. Each curve corresponds to 30 seconds 
of data, (a) The QD is weakly driven on resonance and the 
spectrum of the resulting QD fluorescence is resolved with 
the scanning FP interferometer, (b) The QD is driven by a 
laser tuned 1.05 GHz below the QD resonance (red sideband). 
The fluorescence spectrum becomes asymmetric, with average 
photon energy greater than the energy of the laser photons. 



SAW power and the spectra are dominated by re-emission 
at the pump frequency. High SAW powers are given by 
the red curves. It is clear that more fluorescence power is 
frequency-shifted under the higher level of SAW excita- 
tion. As expected, the separation between each peak in 
the spectrum is given by the SAW frequency (1.05 GHz). 
Fitting a series of spectra such as those shown in Fig. [4jt 
to the functional form given in equation , we extract 
a displacement sensitivity agreeing closely with our pre- 
vious value from PL measurements. The fluorescence 
spectrum resulting when the QD is driven at a frequency 
v s below resonance (red sideband) is shown in Fig. @J). 
The asymmetry in the spectrum at high SAW power re- 
flects the fact that on average the energy of a scattered 
photon is larger than that of an incident photon, as me- 
chanical energy is extracted from the SAW. This is the 
physical basis of red sideband cooling. Similarly, when 
driving the QD at a frequency v s above resonance, the 
mean photon emission energy is lower than that of the 
incident photons (data not shown) . We have also studied 
QDs modulated at SAW frequencies of 90 MHz, 527 MHz 
and 1585 MHz. The sideband separation is always equal 
to the SAW frequency and the sidebands disappear when 
we spectrally or spatially detune away from the QD. 

To verify our interpretation of the experimental re- 
sults, we neglect confinement effects [3j, [5j and compare 
them to Pikus-Bir theory [2lJ, which describes the de- 
pendence of the conduction and valence bands on ap- 
plied static strain. Neglecting terms quadratic in strain, 
and using our SAW properties e yy — e xy — e yz = 0, 
we estimate the valence band energy level shift to be 
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AE V sa 2nh(e xx (a v + ±6) + e zz (a v - &)), where a v = 
2.4 x 10 14 Hz is the hydrostatic deformation potential of 
the valence band and b = 4.3 x 10 14 Hz is the princi- 
pal shear deformation potential for GaAs. There is no 
dependence of the valence band shift on the SAW in- 
duced shear strain to first order. In our experiment the 
QD is placed at a depth where e xx ~ —e zz (Fig. [2|, so 
the conduction band shift is negligible and the valence 
band shift reduces to A(xv s ) ~ \be xx or /S.(xv s )/e xx ss 
|& = 6.5 x 10 14 Hz. Expressing our experimental re- 
sults in terms of the SAW strain component e xx yields 
d{ X v s )/de xx = 1.3 x 10 15 Hz ± 0.7 x 10 15 Hz. The level 
of agreement provides confirmation that the static the- 
ory is a reasonable approximation in the dynamic regime 
up to at least 1 GHz, but the uncertainties do not allow 
detailed quantitative comparisons. For such purposes, a 
sample lacking an upper DBR stack and a cryogenic SAW 
calibration would be required. 

By measuring the QD energy level shift, X v si at two 
different SAW frequencies and again assuming the effect 
of shear strain to be negligible, we are able to indepen- 
dently extract d(x v s) / de xx and d(x v s) I de zz . We can 
then apply this calibration to estimate the frequency shift 
induced in a QD arising from motion in a nanomechani- 
cal beam. For a doubly-clamped beam fabricated in the 
[110] direction, the dominant strain components are e xx 
and e zz = — 0A5e xx . For the beam geometry chosen by 
Wilson- Rae Q , with dimensions 950 nm x 30 nm x 85 nm, 
the modulation index corresponding to thermal excita- 
tion at 4 K is x ~ 4, so multiple sidebands would be 



observed. 

In conclusion, we have studied the behavior of self as- 
sembled GaAs/InAs quantum dots under the application 
of surface acoustic waves. The SAW enables us to ap- 
ply well controlled and tunable strain components to our 
QDs. We have demonstrated a QD displacement sensi- 
tivity in the range 3 x 10 21 Hz/m ± 1.5 x 10 21 Hz/m at 
1.05 GHz. Phonon sidebands were resolved with both 
PL and resonant spectroscopy. When driving the QD on 
the red sideband, the fluorescence spectrum was demon- 
strated to consist of photons with mean energy greater 
than that of the incident photons, corresponding to the 
extraction of mechanical energy from the SAW. In ad- 
dition to applications in nanomechanics, this work offers 
a new avenue to pursue a deeper understanding of the 
relation between QD energy level structure and applied 
strain. It is clear from Fig. [2] that the SAW offers the 
possibility to explore the sensitivity of a QD to different 
strain configurations, depending on where the QD is lo- 
cated. Another promising application of our SAW/QD 
system with resolved sidebands involves using the biexci- 
ton cascade in InAs QDs as a source of entangled photon 
pairs [§[. 
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